Estimating the value of real estate has applications in fields as diverse as taxation, buying and renting properties, expropriation and urban regeneration. Determining the most objective, accurate and acceptable value for real estate by considering spatial criteria is therefore important. One stochastic method used to determine real estate values is 'nominal valuation'. In this approach, criteria that may affect land value are subjected to various spatial analyses, and pixel-based value maps can be produced using GIS. Land value maps are in raster data format and need to be compared with the actual market values. Pixelresolution analyses are required that depend on the selected grid dimensions. First of all, nominal value maps were produced using a nominal valuation model, using criteria for proximity, visibility and terrain. These were weighted in order to produce a nominal asset value-based map according to the 'Best Worst Method'. Changes in the unit land values were examined for maps at various resolutions; a resolution of 10 metres emerged as the ideal pixel size for valuation maps.
Introduction
Owning a property is important to humans in terms of financial security because real estate has a value. In order to calculate property values, parametric land values of the real estate are determined by using nominal valuation. This method provides mass valuation of real estate according to the properties' spatial characteristics. The sub-unit can be cadastral parcels or the cells (pixels, grids) used to divide the study area to determine the value. It is possible to produce a pixel-based land value map using GIS techniques (Yomralioglu, 1993; Nisanci, 2005) . Pagourtzi, Assimakopoulos, Hatzichristos and French (2003) reviewed real estate valuation methods, including spatial analysis ones. Yomralioglu and Nisanci (2004) suggested a nominal valuation method based on spatial factors of real estate which can be analysed using GIS software. Pagourtzi, Nikolopoulos and Assimakopoulos (2006) proposed GIS-based real estate valuation using fuzzy theory and spatial analysis. Yomralioglu, Nisanci and Yildirim (2007) applied a nominal valuation method in land readjustment applications for planning purposes. Liu, Zhe and Wang (2011) proposed a real estate appraisal system based on GIS and a back propagation neural network. Bostancı, Demir, and Karaağaç (2015) created a nominal value map using the Fuzzy Analytic Hierarchy Process (AHP) and Multi-Criteria Decision Making (MCDM) to calculate weight factors. Demetriou (2016) suggested a land valuation framework for land consolidation processes using Multiple Regression Analysis (MRA) and Geographically Weighted Regression (GWR) within GIS. Bencure, Tripathi, Miyazaki, Ninsawat and Kim (2019) developed a land valuation model for mass appraisal applications using AHP in GIS.
Determining the criteria that may affect real estate value is the most important step in the valuation process. The effects of the factors can vary in terms of influence level. In order to reflect the varying influence of each criterion on the value, weight coefficients were determined using the 'Best Worst Method', a Multi-Criteria Decision-Making (MCDM) method.
The aims of this study were to create a dynamic real estate valuation model and to produce nominal value maps using GIS. The resolution of raster-based value maps should be defined in the model as a parameter, and overlay analysis should be used to calculate the land value of the parcels. Before calculating the parcel values, the Modifiable Areal Unit Problem (MAUP) needs to be dealt with in order to estimate appropriate scales of aggregation. In this context, maps with different pixel sizes are produced and the effect of the resolution on the values is examined to decide the ideal pixel size.
Subjectivity is a major problem in valuing real estate (Demetriou, 2016) . Since the valuation process is based on the experience and judgement of appraisers, inflated values may arise in the market (Pagourtzi et al., 2003) : human beings do not concentrate on scientific parameters that affect the value of a property. However, scientific and mathematical approaches are gaining importance, with the use of information systems and statistics in real estate valuation processes. In this GIS-based study, nominal values are generated as a result of proximity, terrain and visibility analyses for the creation of a land value map. Property-owners or buyers will know or want to know, for example, whether the property has an appealing view (Visibility criterion) or is on flat terrain (Terrain criterion), and how far amenities such as public transport or shopping centres are from the property (Proximity criterion).
Nominal Valuation
There are various methods for real estate valuation appropriate for different objectives and needs. Most are based on the market value. Classical methods include sales and market comparisons, the income capitalization method, and the replacement cost method. In addition to these there are stochastic methods based on statistical approaches. One such method is nominal valuation, which provides calculated parametric scores of weighted criteria which affect real estate values (Yomralioglu et al., 2007) . This method does not require the market value and provides a distribution of land values as parametric quantities by using scientific approaches (Mete, 2019) . Furthermore, using this method (as presented in Yomralioglu, 1993) , it is possible easily to convert nominal coefficients into market price. In the present study, the method is used to create pixel-based nominal land value maps in order to achieve standardization in the real estate market, avoiding overpricing due to subjective judgements, inadequate knowledge and lack of data. However, criteria that affect property values vary and change constantly, based on location. In the method presented here, coefficients are calculated by determining the minimum and maximum values for the criteria in order to express the values of properties relative to each other.
The Nominal Asset value-based approach

Methodology
In order to calculate land values, all the criteria that affect the land value, and their relative weights, should be determined. With the help of GIS, it is possible to identify each criterion's effects on real estate values, and the total nominal land value can be expressed using the following formula: In the context of this study, pixel-based land value maps with resolutions of 1, 10, 50 and 100 metres were produced. As raster data format provides some advantages over vector format for storing and presenting huge datasets, nominal land value maps were created in raster format. Pixel values that indicate nominal values can be added as an attribute in vector-based parcel data using basic GIS operations
Determination of criteria and weights
In order to produce a nominal value map, we identified 23 criteria affecting land values. These criteria were categorized into three main groups: proximity, visibility and terrain aspects. In order to determine the weight coefficients of each criterion, the Best Worst Method was used: by comparing, pair-wise, each criterion with all the others, the decision-maker's preferences lead to the identification of both the best criterion and the worst in comparison to the others, and weights can be determined (Rezaei, 2016) .
A Likert scale of 1 to 9 is used in the comparisons between the criteria to determine the levels of preference. The decision-making process according to this method can be summarized as follows.
1. A set of decision-making criteria is determined. In the case of a house purchase, for example, the criteria may be classed as physical, spatial, legal or economic.
2. The best and the worst of these criteria are identified.
3. The degree to which the best criterion is preferred over the other criteria is determined. Using a scale of 1 to 9, 1 point is given to a criterion with equal importance to the best criterion, and 9 points are given if the best criterion is more important than the other criterion.
4. The pair-wise comparisons are completed by determining the degree of preference of the worst criterion according to other criteria. (In this, we followed a survey by Nisanci (2005) regarding criteria and weights.)
Choice of best and worst criteria
The metro is the most comfortable form of rail transport within İstanbul, and 16% of all public transport journeys in the city are by metro (İETT, 2018) . Consequently, for this study proximity to a metro station was chosen as the best criterion. Proximity to a police station was chosen as the worst, and the two criteria were compared to other criteria to calculate the weights. The weights and consistency ratio ( L  ) are calculated using the following equation where, Bj a : preference for the best criterion over criterion j jW a : preference for criterion j over the worst criterion.
The consistency ratio in decision making can be between 0 (complete consistency) and 1 (very inconsistent). For high consistency, the value is expected to be ≤ 0.25 (Rezai, 2016) . The consistency ratio for the 23 criteria was calculated as 0.024, and was thus very high.
The criteria determined for the nominal real estate valuation model and their weights are shown in Table 1 . 
Modelling and analysing using GIS
To produce nominal land value maps from the proximity, visibility and terrain analyses that are included in the model, the weighted sum tool is used. The process of creating a nominal asset value-based map from raster data is shown in Figure 1 . The Euclidean Distance tool is used in the proximity analysis sub-model. The values of the raster maps are generated from the proximity analyses, rated from 0 to 100 using the 'reclassify' tool according to the walking or driving distances. For example, railway stations which can be reached by walking 0-100 metres are given the value 100; distances between 100 and 250 metres are rated 90.
On the other hand, main roads which can be accessed by driving 0 to 1 kilometre are given the value 100; distances between 1 and 2 kilometres are rated 80. The maximum distance that can affect the land value is 5 kilometres for proximity to the main roads, since distances of more than 5 kilometres are not considered reasonable access in the real estate valuation process (Mete, 2019) .
It is mandatory for zoning parcels to have access to roads. However, there may in practice be some cadastral parcels that do not satisfy this requirement. To evaluate this, access from the parcel to the road network is analysed using GIS software which checks whether any segment of the parcel's boundaries coincides with a road. If the condition is satisfied, relevant parcels are rated 100; otherwise, they score 0.
Slope and aspect analyses are conducted in the terrain sub-model. For height data, ALOS World 3D Digital Surface Model (DSM) produced by the Japan Aerospace Research Agency (JAXA) was used. ALOS has 30-metre spatial resolution. In the slope analysis, the effect of 0 to 1% slope on the value is classified as 100; a slope of more than 12% results in a classification of 0. In the aspect analysis, south-facing slopes are given a value of 100. For this purpose, the values between 135° and 225° (i.e. facing southeast, east or southwest) are classified as 100 and the remaining values as 0. The visibility sub-model identifies places which have a view of an island, the Bosphorus or the sea. Vector data of the sea, the Bosphorus and islands are created and visibility analysis is performed. Areas which have a clear view are given a value of 100; places that have no view score 0. Figure 2 shows the nominal land valuation model. 
Case Study
Description of study areas: Beyoğlu and Gaziosmanpaşa Districts, Istanbul
Istanbul is the most densely populated city in Turkey. The city's Beyoğlu and Gaziosmanpaşa districts were selected as study areas for the creation of a nominal asset-based land value map, as shown in Figure 3 . According to the 'Address Based Census Registration System' (Turkish Statistical Institute (TUIK)), in 2019 the populations of Beyoğlu and Gaziosmanpaşa were 230,526 and 487,046 respectively. Beyoğlu covers 8.96 km 2 and Gaziosmanpaşa 11.67 km 2 . Both districts are densely populated and located close to the city centre. These districts have recently become desirable places to live due to urban regeneration projects, and real estate transactions here have increased significantly. Consequently, land values in the areas have also changed. For these reasons, we aimed to create nominal asset-based land value maps for the two districts in order to compare the nominal values of various locations that have different characteristics. 
Production of nominal land value maps
To produce a land value map using the nominal valuation model, the pixel size must be defined as a model parameter. The nominal land value maps of Beyoğlu and Gaziosmanpaşa districts were produced separately, at 1-, 10-, 50-and 100-metre resolutions. Examining the effect of the resolution on the land values determined the best pixel size to be used (Figure 4 ). In Beyoğlu, the highest land values are seen in the eastern strip of İstiklal Street, one of the city's most famous streets, and the Marmara Sea in the south. Places with high nominal value are distributed along the shoreline of the Golden Horn and the Sea of Marmara ( Figure 5 ).
Figure 5: Nominal Land Value Map of Istanbul Beyoğlu District
Regions with higher nominal values in Gaziosmanpaşa centre on the Merkez Neighbourhood, and on the borders with Bayrampaşa and Eyüpsultan districts to the south. There are many public buildings in Merkez, such as the District Office, Asya Hospital and Duygu Hospital, and public gardens; the neighbourhood has good access to highways (1.5 to 2 kilometres away) ( Figure 6 ). 
Examination of the effects of resolution differences on the nominal values
After creating nominal land value maps of Beyoğlu and Gaziosmanpaşa at resolutions of 1, 10, 50 and 100 metres, parcel values were added as an attribute in the parcel layers to examine the effect of the resolution changes. The pixel-based nominal land value maps were then converted to vector format, and vector pixel grids containing the nominal values were created. The generated vector-based nominal value layer is intersected with the parcel layer by using overlay analysis. The total nominal value of each parcel is obtained by multiplying the values of the respective pixels and the areas of the intersections.
Finally, all the nominal values within the parcels were added as an attribute in the parcel layer by performing a spatial join between the intersection vector and the parcel layer, so that all polygons which intersect with the nominal value pixels are included in the calculation.
A vectorized pixel that intersects with a parcel affects the nominal value in proportion to the area of the intersection. For example, if only half of a pixel falls inside a parcel boundary, the nominal value of the parcel will be affected by half of this pixel area.
After the same operation has been carried out for maps with different resolutions, the average relative errors for all the nominal land values of parcels are calculated with reference to 1-metre resolution map values (Table 2) . Thus, the effect of the resolution change on the nominal value can be expressed as a percentage. The average relative error for 22,481 parcels in Beyoğlu district is 2.40% at 10-metre resolution, 5.50% for 50-metre resolution, and 8.35% at 100-metre resolution. Because of the large number of parcels, standard deviations provide useful information regarding error distribution for the values. The standard deviation for 10metre resolution values is 5.36%, for 50-metre resolution it is 8.39%, and for 100-metre resolution it is 13.44%. The average parcel size in Beyoğlu is 284.36 m 2 .
The average relative error for the 23,776 parcels in Gaziosmanpaşa is 7.64% at 10 metres, 11.00% at 50 metres, and 13.11% at 100 metres. The standard deviation of the 10-metre resolution values is 2.40%; for 50-metre resolution it is 4.51%, and for 100-metre resolution it is 8.40%. The average parcel size in Gaziosmanpaşa is 346.37 m 2 . Figure 7 shows a graph of the change of the unit m 2 values of the parcels according to the resolution. To investigate the effects of pixel size on nominal land values in the parcel layers, average unit values of the parcels within the chosen streets were calculated for different resolutions. The market values of reference parcels on Yüksek Kaldırım Street and 1103rd Street were collected from a real estate valuation company in order to allow indexing 1-metre pixel nominal values to the market values. After calculation of the market values of the parcels within the streets, average unit values were calculated for resolutions of 10, 50 and 100 metres taking into consideration the average relative error values as shown in Table 2 . The effect of 10-metre resolution on unit values is calculated as 142 Turkish Lira (TL)/m 2 in Beyoğlu Yüksek Kaldırım Street; for 50-metre resolution it is 325 TL/m 2 ; and for 100-metre resolution it is 494 TL/m 2 . On the other hand, for 1103rd Street in Gaziosmanpaşa the effect of the 10-metres resolution on unit values was 257 TL/m 2 ; for the 50-metre resolution it was 370 TL/m 2 ; for 100-metre resolution it was 441 TL/m 2 . The effect of resolution change on average unit values is always downwards as can be seen in Figure 7 .
Additionally, to verify the selection of the appropriate grid resolution, a statistical concept was used for representing the smallest and the narrowest objects in a raster, the formula for which was:
where, p is pixel size, MLD  is the area of the smallest object, MLD  is the width of the narrowest object, and S is the shape complexity index derived as the perimeter to boundary ratio:
where, P is the perimeter of a polygon,  is the area of the polygon, and r is the radius of the circle with the same surface area (Hengl, 2006) .
The smallest polygon is 49 m 2 , and the largest is 40,125 m 2 ; the average size of the polygons is 284.36 m 2 , with a standard deviation of 324.78 m 2 . Using formula (3) , pixel size should be between 1.75 m (S=1.29) and 50.08 m (S=1.31). We recommend that the output raster map of the study area should be produced with a pixel size of between 2 and 50 metres.
Results and Discussion
In traditional valuation methods for real estate based on comparisons, the acceptable difference between the mean value and the comparable values is 15%. In our study, in order to examine the effect of resolution differences on value, relative error and standard deviation values were calculated for all parcels in two districts. According to our results, resolutions of 10 and 50 metres gave values that are within the acceptable range of values.
In addition, using this method the production of nominal land value maps with GIS at larger levels, such as region and country, could be fast and efficient for spatial resolutions up to 50 metres. On the other hand, it is not possible to produce a land value map at 100-metre resolution with the desired accuracy, since the average absolute relative error and standard deviation are high in comparison with the 1-metre resolution map ( Table 2 ). The square-metre unit values for resolutions of 1 and 10 metres result in very similar graphs for the selected streets in both districts (Figure 7) . Therefore, rather than 1-metre resolution, 10-metre resolution can be used for value maps of large areas.
In the form of the value map produced within this study, a model has been created that is based on uninflated, scientific findings from which buyers and sellers of properties can benefit in their transactions. With further development of the model, users will be able to see the values of real estate based on property information in the land registry by using Web GIS and Cloud GIS. Thus, this model could contribute to the national economy by helping to realize state-level valuation studies through a pioneering use of GIS.
